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Endogenous and exogenous chemical signals have evolved as a means for organisms to
respond to physical or biological stimuli in the environment. Sensitivity to these signals can
make organisms vulnerable to inadvertent signals from xenobiotics. In this review we discuss
how various chemicals can interact with steroidlike signaling pathways, especially estrogen.
Numerous compounds have estrogenic activity, including steroids, phytoestrogens, and
synthetic chemicals. We compare bioavailability, metabolism, interaction with receptors, and
interaction with cell-signaling pathways among these three structurally diverse groups in order to
understand how these chemicals influence physiological responses. Based on their mechanisms
of action, chemical steroid mimics could plausibly be associated with recent adverse health
trends in humans and animals. - Environ Health Perspect 106(Suppl 1):5-10 (1998).
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Environmental Signaling at
the Organism Level

Sensitivity to chemical signals has evolved
as a means by which organisms respond to

changes in their environment. Internal
chemical signaling is the means of com-
munication between cells within an organ-

ism, while external chemical signaling, or

environmental signaling, occurs when exo-

genous chemicals interact with internal
signaling pathways. Presumably, responses

to these signals are adaptive, allowing the
organism to survive and reproduce.
However, maladaptive or detrimental

Manuscript received at EHP 31 July 1997; accepted
17 October 1997.
We thank S. Arnold for his contribution to earlier

drafts of this review.
Address correspondence to Dr. J. A. McLachlan,

Tulane Center for Bioenvironmental Research, 1430
Tulane Ave. SL3, New Orleans, LA 70112 USA.
Telephone: (504) 585-6910. Fax: (504) 585-6428.
E-mail: jmclach@mailhost.tcs.tulane.edu

Abbreviations used: 3-OH PCB, 2',4,6'-
trichloro-4-biphenylol; 4-OH PCB, 2',3',4',5'-tetra-
chloro-4-biphenylol; DES, diethylstilbestrol; DDT,
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane; ER,
estrogen receptor; MAPK, mitogen-activated protein
kinase; P450, cytochrome P450; PAH, polyaromatic
hydrocarbon; PCB, polychlorinated biphenyl; SHBG,
sex hormone binding globulin; TBT, tributyltin; YES,
yeast expressing estrogen receptor.

responses may also be elicited by external
chemical signals.

Plants have evolved several effective
methods of environmental signaling,
including secretion of compounds that ini-
tiate the symbiosis between legumes and
the nitrogen-fixing bacteria, Rhizobium
spp. The secretion of flavonoids from
legumes such as alfalfa and peas regulates
the expression of bacterial gene products
required for nodulation-the formation of
plant root nodules containing the bacteria
(1-4). Some flavonoids activate the nodu-
lation process whereas others antagonize it,
not unlike the agonistic and antagonistic
activity of steroid hormones interacting
with hormone receptors (5).

Not only do phytochemicals interact
with signaling pathways in bacteria, they can
also mimic mammalian hormones. Clover
disease, an infertility syndrome found in
sheep grazing on subterranean clover (6),
has been linked to phytochemicals that func-
tion as estrogens and interfere with repro-
duction. These phytoestrogens have been
suggested as a defense strategy by plants to
limit the fertility of herbivores (7).
Sensitivity to phytochemical hormone mim-
ics could possibly be adaptive in herbivorous
and omnivorous vertebrates. This sensitivity
may have evolved as a means of linking

reproductive timing to an adequate
food supply.

Phytoestrogens may have beneficial
effects in humans. Women and men living
in Pacific Rim nations, where traditional
soy diets are high in plant estrogens, have
a lower incidence of breast and prostate
cancer and of atherosclerotic cardiovascu-
lar disease than people in Western nations
(8-10). Women in Australia who eat diets
rich in phytoestrogens also have a lower
incidence of breast cancer (11). The
isoflavones present in soy appear to be
responsible for these effects, possibly due
to modulation of estrogen-signaling path-
ways. Interestingly, when Asian groups
immigrate to the United States and switch
to a more Western diet, their rates of
breast cancer increase, although rates
remain lower than those of the general
U.S. population (9).

Environmental signaling by plants
serves as a model for inadvertent signaling
by synthetic chemicals. Recently, a number
of synthetic chemicals (e.g. pesticides,
detergents, and plasticizers) have been
identified that can potentially modulate
endocrine processes. The best studied
examples are environmental estrogens-
chemicals that mimic the activity of the
natural sex steroid hormone, estradiol.

Estradiol-17,B regulates reproduction in
many invertebrates and in all classes of ver-
tebrates. Cnidarians [coral (12)], crus-
taceans [water fleas and lobster (13,14)],
mollusks [snails (15)], and echinoderms
[starfish (16)] produce estradiol. The ubiq-
uity of estradiol production in the animal
kingdom suggests that estrogenically active
chemicals may be evolutionarily conserved
signals. It also suggests the possibility that
all animals are sensitive to estrogens,
whether endogenous or environmental.

Diethylstilbestrol (DES) is the archetype
of a potent synthetic estrogen. The associa-
tion of DES with adverse health effects in
the offspring of DES-exposed women and
laboratory animals has led to the hypothesis
that environmental estrogens are contribut-
ing factors in adverse health trends in
humans and animals (17). Although a
direct association between human health
trends and the presence of environmental
estrogens has not been demonstrated and is
still the subject of investigation (18), it has
been suggested that decreased semen quality
in men (19), decreased age of menarche
(20,21), and an increased incidence of
breast cancer in women (22) are associated
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with exposure to environmental estrogens
during development.

Several studies have shown that adverse
reproductive effects observed in animals are
linked to the presence of hormonally active
chemicals in the environment. In the late
1970s and early 1980s, Fry and Toone (23)
and Palmiter (24) separately showed that
chlorinated insecticides, particularly DDT
and its metabolites, had adverse impacts on
the sexual development, reproductive capac-
ity, and population size of birds. More
recently, Sumpter and colleagues showed
that male fish caught in several rivers in the
United Kingdom had been feminized (25).
Soon after the feminized fish were discov-
ered, two common biodegradation products
of alkyl polyethoxylate detergents, octylphe-
nol and nonylphenol, were identified in
river water. These compounds were shown
to be estrogenic using in vitro assays indicat-
ing direct interaction with fish estrogen
receptors (ERs) (26) and using in vivo
assays demonstrating induction of vitel-
logenin (an egg yolk protein) in male fish
(25). Alkylphenols in the rivers of the
United Kingdom were suggested as a poten-
tial cause of fish feminization. Recently,
however, the steroidal estrogens estradiol,
estrone, and ethinyl estradiol (an oral con-
traceptive) have been quantified in U.K.
rivers (27). This discovery has led to the
hypothesis that the more potent steroidal
estrogens also play a role in the feminization
of fish found in U.K. rivers. Alkylphenols
are 1000-fold less potent than estradiol in
fish hepatocyte assays (26), but are 10,000-
fold less potent than estradiol in yeast
expressing recombinant human ER and
100,000-fold less potent in the mouse
uterotrophic assay (28,29).

Jennings et al. (30) observed that the
population of juvenile alligators in Lake
Apopka, Florida, between 1981 and 1986
was severely reduced compared to earlier and
subsequent years. Guillette et al. (31,32)
later reported that this alligator population
displayed a number of reproductive abnor-
malities similar to those seen in mice exposed
to DES during development. These abnor-
malities induded poorly organized testes and
small phalli in juvenile males and large num-
bers of polyovular follicles and multinucle-
ated oocytes in females. Guillette surmised
that a chemical spill of dicofol and DDT
and agricultural runoff had introduced
hormonally active chemicals into the lake.

Bergeron et al. (33) have shown that the
polychlorinated biphenyls (PCBs) 2',4',6'-
trichloro-4-biphenylol (3-OH PCB) and
2',3',4',5'-tetrachloro-4-biphenylol (4-OH

PCB) cause sex reversal in red-eared slider
turtles exposed during development. During
normal development, temperature deter-
mines sex: eggs incubated at 26 or 31°C
develop into males or females, respectively.
Eggs incubated at a male-determining
temperature can be sex-reversed by painting
the eggs with estradiol. The PCBs also
caused sex reversal.

Endocrine disruption in invertebrates
has also been well documented (16). The
most widely studied case of invertebrate
endocrine disruption is imposex in gastro-
pod mollusks. Female snails grow vas def-
erens and penises after exposure to very low
levels (1 ng/liter) of tributyltin (TBT)
(15). Several mechanisms of imposex
induction have been proposed, including
abnormal release of neuropeptides that
stimulate penis development (15), inhibi-
tion of cytochrome P450 19 (aromatase),
which converts testosterone to 17f-estra-
diol (34), and alteration of phase II (con-
jugating) enzyme (35) and reductase
activities (36).

Normally, male gastropods resorb their
penises during the nonreproductive season.
When the appropriate temperature and day
length occur, the pedal and cerebral ganglia
begin secretion of neuropeptides that
directly stimulate reproductive tissues to
differentiate into a penis. By an unknown
mechanism, TBT acts directly on these
ganglia to induce secretion of neuropeptide,
causing penis growth in males, juveniles,
and females (15). Imposex can be so severe
that the female's oviduct is completely
blocked and can lead to her death (34).
This worldwide phenomenon has caused
local population extinctions in Europe
(37). After international bans of TBT in
the late 1980s and early 1990s, mollusk
populations are beginning to recover (38).

Crustaceans have also been used as
models of steroid endocrine disruption.
Although many xenobiotics decrease fecun-
dity or alter molting in crustaceans, the
link to endocrine disruption as opposed to
overt toxicity can only be confirmed in a
few cases. Daphnids (water fleas) have
reduced offspring production and altered
testosterone metabolism after exposure to
compounds such as DES, nonylphenol,
pentachlorophenol, piperonyl butoxide, and
TBT (39-42). Blue crabs exposed to TBT
have elevated hydroyxlation of testosterone
(43). Additionally, blue crabs exposed to
reproductive toxicants have decreased
oocyte concentrations of lipovitellin, an
indication that egg yolk proteins are not
properly processed (44).

Environmental Signaling at
the Cellular Level
Role ofBioavaiability in Regulating
Hormonal Activity
Availability of internal and external
estrogenic signals to target tissues can be
partially regulated by extracellular binding
proteins in the plasma. Estradiol and DES
differ in their interaction with a-fetopro-
tein, sex hormone binding globulin
(SHBG) and albumin. The affinity of
estradiol for mammalian SHBG and a-
fetoprotein is in the nanomolar range,

while the affinity of the synthetic estrogen

DES is in the micromolar range (45-49).
Because of their similar affinities for the
ER, in the presence of ER and binding
proteins, 20- to 100-fold more DES than
estradiol will interact with ER. Not sur-

prisingly, animals treated with DES show
significantly greater increases in estrogen-
specific responses than animals treated with
an equivalent dose of estradiol (50). DES
is also capable of acting as a transplacental
carcinogen in humans and laboratory ani-
mals (48). Binding proteins in the mater-

nal-fetal compartment normally protect
the fetus from maternal steroid hormones.
However, these proteins offer little or no

fetal protection against DES (48).
These data suggest the hypothesis that

steroidal and synthetic estrogens interact
differently with extracellular binding pro-

teins. In yeast expressing ER (YES), serum-

binding proteins reduced the activity
induced by phytoestrogens, steroidal estro-

gens, and synthetic estrogens (51,52).
Purified human a-fetoprotein was more

effective than SHBG or albumin at reduc-
ing reporter gene activity induced by estra-

diol or DES. Estradiol and phytoestrogen
(genistein and coumestrol)-induced activity
was suppressed to a far greater extent than
the activity induced by DES or other syn-

thetic estrogens, including o,p'-DDT and
Kepone (52). The differential binding of
phytoestrogens and synthetic estrogens
with plasma proteins in vivo and in the
YES assay is consistent with the hypothesis
that animals and humans have been
exposed to phytoestrogens throughout evo-

lution, but synthetic estrogens represent a

new challenge to the endocrine system.

Bioavailablity of synthetic estrogens may

vary between species, depending upon the
binding capacity of serum proteins. In the
YES, human serum had a greater binding
capacity for DES and o,p'-DDT than alli-
gator serum (51). The degree to which
serum proteins bind various estrogens may
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determine the potential sensitivity or resis-
tance of a species to the effects of certain
exogenous estrogens. A fruitful area for
future research will be to examine the
binding of various estrogenic chemicals to
sera from different species.

Bioavailability of chemical signals can
also be regulated by cell membrane trans-
port proteins controlling influx and efflux
of chemicals. For instance, Bain and
LeBlanc (53) have shown that the activity
of the multidrug resistance transporter in
human cells is affected by several pesti-
cides. Other reports have shown that phy-
toestrogens modulate the activity of
transport proteins including P-glycoprotein
(54), and thereby mediate the cellular
response to various drugs. Recently, Mahe
et al. showed that special transport systems
in yeast cells (ABC-cassette transporters)
are involved in the active cellular import or
export of estrogens (55). Clearly, the intra-
cellular concentration of chemicals plays a
major role in whether they exert activity.

Metabolism
Metabolism may also control the capacity of
chemicals to mimic hormones. Steroid hor-
mones are synthesized from cholesterol by a
series of lyase and cytochrome P450 (P450)
reactions. Specific P450 isozymes convert
progesterone to testosterone, and aromatize
testosterone to 17f-estradiol (56). In addi-
tion to activating steroids, P450s aid in elim-
ination of all steroids by hydroxylating them
and making them more hydrophilic. Other
enzyme systems, such as reductases and
transferases, are also involved in inactivation
and elimination of steroids (56).

These enzyme systems metabolize
estrogenic xenobiotics as well (57).
Xenobiotics can upregulate P450 isozyme
expression, leading to increased metabolism
of these substrates and of endogenous
steroids (15). P450s convert polyaromatic
hydrocarbons (PAHs) and PCBs to more
polar metabolites, which can aid in elimina-
tion. However, this modification may also
drastically increase the estrogenicity of these
compounds. Studies with o,p'-DDT demon-
strated that rats pretreated with carbon tetra-
chloride, which supresses hepatic P450
activity, did not show the increase in uterine
wet weight usually associated with DDT
(58). It was subsequently shown that the
hydroxylated metabolites created by P450
hydroxylation, 3-hydroxy, and 4-hydroxy
o,p'-DDTs, are more potent than o,p'-DDT
in increasing uterine weight in rats (59).

Hydroxylation increases the potency of
certain PCBs as well. The hydroxylated

PCBs, 3-OH PCB, and 4-OH PCB, func-
tion as estrogens in vivo and in vitro
(60,61). Using 2 ,4, 6-trichlorobiphenyl
and 2,3,4,5-tetrachlorobiphenyl (deriva-
tives of the hydroxylated PCBs that do not
possess a 4' hydroxyl group) and 2,4,4',6-
tetrachlorobiphenyl and 2,3,4,4',5-pen-
tachlorobiphenyl (derivatives of the
hydroxylated PCBs that have a 4' chlorine
group), it was discovered that removal of
the 4'-hydroxyl group or replacement of
the 4'-hydroxyl group with a chlorine com-
pletely eliminated estrogenic activity and
ER binding activity in vitro (61).

Several phytoestrogens also require
appropriately positioned hydroxyl groups
for ER binding and activation (62-65).
For example, genistein has substantially
greater ER binding capacity and estrogenic
activity than daidzein. Interestingly, these
two chemicals differ only by the presence
of the 4' hydroxyl group in genistein but
not daidzen. Although the presence of
hydroxyl groups on various chemicals
appears to correlate with their ability to
interact with ER, it is still not understood
how the ER preferentially responds to
hydroxylated chemicals.

Estrogenic compounds compete as
substrates for reductases and phase II enzyme
systems as well. The glucosylation or methy-
lation of key hydroxyl groups on phytoestro-
gens decreases ER binding activity and
estrogenic activity. The balance of the meta-
bolic processes of hydroxylation, glucosyla-
tion, and methylation may determine the
extent to which phytoestrogens and other
synthetic chemicals are hormonally active.

Interaction ofChemicals with
Hormone Receptors
Many environmental estrogens appear to
exert their effects by interacting with the
ER. Phytoestrogens (62-65), hydroxy-
lated PCBs (60,61), and alkyl phenols
(26) are bound by the ER and can activate
receptor-mediated processes. However, the
estrogenic responses produced and the ER
affinity of these chemicals are 100- to
10,000-fold lower than estradiol. Limited
work has examined whether synthetic
chemicals that are bound by ER can func-
tion as antiestrogens in the presence of
estradiol or other estrogens. Some chemi-
cals such as the dioxins appear to exert antie-
strogenic activity by interacting with the
aryl hydrocarbon receptor and indirectly
decreasing the activity of ER (66). Some
phytoestrogens appear to function as
anti-estrogens but their mechanism of
action is still unclear (62).

The recent cloning of another isoform of
ER (ERI) indicates a greater complexity of
estrogen action than previously appreciated
(67). The recent work by Paech et al. (68)
indicates that ERf signaling depends upon
the specific ligand and the DNA response
element bound. Using reporter gene assays
in human cells, these investigators showed
that estradiol-bound ERf3 inhibits transcrip-
tion at a nonclassical AP1 response element,
whereas antiestrogen (raloxifene, tamoxifen,
or ICI164,384)-bound ERf stimulates tran-
scription. Interestingly, rat ER3 binds the
phytoestrogens genistein and coumestrol
with a 10-fold higher affinity than human
ERa, suggesting that different isoforms of
ER may mediate different responses to
environmental estrogens (69).

Other steroid hormone or nuclear
receptors have been shown to interact with
environmental chemicals. Kelce et al. (70)
demonstrated that p,p'-DDE, a metabolite
of the insecticide DDT, was bound by the
androgen receptor and inhibited its activity
in vitro and in vivo, i.e., pp'-DDE func-
tioned as an antiandrogen. Other antiandro-
gens include some PAHs (71), linuron (72)
and vinclozolin (73). We have recently
shown that several chemicals including octyl-
and nonylphenol, pentachlorophenol, and
lindane function in vitro as antiprogestins by
interacting with the progesterone receptor
and inhibiting the activity of progesterone or
the synthetic progestin R5020 (74,75).
Some metabolites of DDT also function as
antiprogestins (76), suggesting that this dass
of chemicals is capable of interacting with a
broad spectrum of hormone receptors. The
insecticide methoprene has recently been
shown to function in vitro as a retinoid
mimic with a homodimer of the retinoid X
receptor (77). Current evidence suggests
that other nuclear receptors are sensitive to
environmental chemicals, including the
glucocorticoid and thyroid receptors.
Interaction of environmental chemicals
with glucocorticoid receptors may be partic-
ularly relevant as several reports have indi-
cated a correlation between the presence of
environmental chemicals and decreased
immune activity (78). Environmental signal-
ing via the thyroid receptor may be relevant
to reported deficiencies in thyroid-mediated
nervous system development in rats and
humans (79-84).

Interaciion with Cell-Signaling
Pathways
Environmental hormone mimics also
influence receptor independent cell-signaling
pathways. For example, high concentrations
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ofp,p'-DDD increased the free intracellu-
lar calcium concentration in rat myome-
trial smooth muscle cells (85). These
results are not surprising as DDT, of
which p>p'-DDD is a metabolite, affects
the sodium channel in insects. The mod-
ern-use pesticide endosulfan blocks
gamma-amino butyric acid (GABA)-gated
chloride ion channels. Some PCBs affect
calcium homoeostasis and protein kinase
C activation (86). Recent reports have
indicated that some chemicals such as
peroxisome proliferators and chlorinated
insecticides activate the kinase activity of
mitogen-activated protein kinase (MAPK)
(87,88). Finally, the observation that
f-hexachlorocyclohexane induces some
ER-specific responses but does not interact
with ER (89) suggests that this chemical

may activate some signaling pathways that
increase the activity of ER in a ligand-
independent manner. This hypothesis is
based on previous data demonstrating that
ER-specific responses can be produced in
an estrogen-independent manner by treat-
ing cells with growth factors (90). The
mechanism for this effect may involve the
activation of MAPK and possibly other
cell-signaling proteins. Thus, some chemi-
cals may regulate hormonal responses
by directly modulating cell-signaling
pathways rather than interacting with
hormone receptors.

Implications of
Environmental Signaling
In this short review, we have developed
the concept of environmental signaling,

which we think provides a biological
context in which to view endocrine-disrupt-
ing chemicals in the environment. We
have focused on signaling systems at the
organismal and cellular levels. In doing
so we did not focus on possible human
health effects of endocrine disruption.
Based on the concept of environmental
signaling, synthetic chemical hormone
mimics could plausibly be associated with
recent adverse health trends in humans as
well as animals. Sensitivity to endogenous
and exogenous chemical signals has
evolved as a means by which organisms
respond to physical or biological stimuli
in the environment. This sensitivity makes
organisms vulnerable to inadvertent signals
from anthropogenic chemicals.

REFERENCES

1. Peters NK, Forst JW, Long SR. A plant flavone, lutiolin,
induces expression of Rhizobium meliloti nodulation genes.
Science 233:977-980 (1986).

2. Redmond JW, Batley M, Djordjevic MA, Innes RW, Kuempel
PL, Rolfe BG. Flavones induce expression of nodulation genes
in Rhizobium. Nature 323:632-635 (1986).

3. Peters NK, Long SR. Alfalfa root exudates and compounds
which promote or inhibit induction of Rhizobium meliloti
nodulation genes. Plant Physiol 88:396-400 (1988).

4. Firmin JL, Wilson KE, Rossen L, Johnston AWB. Flavonoid
activation of nodulation genes in Rhizobium reversed by
other compounds present in plants. Nature 324:90-92
(1986).

5. Baker, ME. Evolution of regulation of steroid-mediated inter-
cellular communication in vertebrates: insights from flavonoids,
signals that mediate plant-Rhizobia symbiosis. J Steroid
Biochem Mol Biol 41:301-308 (1992).

6. Bennets HW, Underwood EJ, Shier FL. A specific breeding
problem of sheep on subterranean clover pastures in Western
Australia. Aust Vet J 22:2-12 (1946).

7. Hughes CL Jr. Phytochemical mimicry of reproductive hor-
mones and modulation of herbivore fertility by phytoestrogens.
Environ Health Perspect 78:171-175 (1988).

8. Aldercreutz H. Phytoestrogens: epidemiology and a possible
role in cancer protection. Estrogens in the Environment, III:
Global Health Implications. Environ Health Perspect 103
(Suppl 7):103-1 12 (1995).

9. Wu AH, Ziegler RG, Horn-Ross PL, Nomura AMY, West
DW, Kolonel LN, Rosenthal JF, Hoover RN, Pike MC. Tofu
and risk of breast cancer in Asian-Americans. Cancer
Epidemiol Biomarkers Prev 5:901-906 (1996).

10. Anthony MS, Clarkson TB, Hughes CL, Morgan TM, Burke
GL. Soybean isoflavones improve cardiovascular risk factors
without affecting the reproductive system of peripubertal rhe-
sus monkeys. J Nutr 126:43-50 (1996).

11. Ingram D, Sanders K, Kolybaba M, Lopez D. Case-control study
of phyto-oestrogens and breast cancer. Lancet 350:990-994
(1997).

12. Atkinson S, Atkinson MJ. Detection of estradiol-170 during a
mass coral spawn. Coral Reefs 11:33-35 (1992).

13. Waddy S, Aiken D, deKleijn D. Control of growth and
reproduction. In: Biology of the Lobster Homarus americanus
(Factor JR, ed). New York:Academic Press, 1995.

14. Baldwin WS, Leblanc G. In vivo biotransformation of testos-
terone by phase I and II detoxification enzymes and their mod-
ulation of 20-hydroxyecdysone in Daphnia magna. Aquat
Toxicol 29:103-117 (1994).

15. Feral C, LeGall S. The influence of a pollutant factor (trib-
utyltin) on the neuroendocrine mechanism responsible for the
occurrence of a penis in the females of Ocenebra erinacea. In:
Molluscan Neuroendocrinology (Lever J, Boer H, eds).
Amsterdam:North Holland, 1983;173-175.

16. LeBlanc G. Susceptibility of invertebrates to endocrine-disrupt-
ing environmental chemicals. In: Environmental Endocrine
Disruptors: An Evolutionary Perspective (Guillette LJ Jr, ed).
London:Taylor and Francis, in press.

17. Colborn T, vom Saal FS, Soto AM. Developmental effects of
endocrine-disrupting chemicals in wildlife and humans.
Environ Health Perspect 101:378-384 (1993).

18. Safe SH, Zacharewski T. Organochlorine exposure and risk for
breast cancer. Prog Clin Biol Res 396:133-145 (1997).

19. Sharpe RM, Skakkebaek NE. Are oestrogens involved in falling
sperm counts and disorders of the ma e reporductive tract?
Lancet 341:1392-1395 (1993).

20. Herman-Giddens ME, Slora EJ, Wasserman RC, Bourdony
CJ, Bhapkar MV, Koch GG, Hasemeier CM. Secondary sexual
characteristics and menses in young girls seen in office practice:
a study from the pediatric research in office settings network.
Pediatrics 99:505-511 (1997).

21. Tanner JM. Trend towards earlier menarche in London, Oslo,
Copenhagen, the Netherlands, and Hungary. Nature
243:95-96 (1973).

22. Wolff MS, Toniolo P, Lee E, Rivera M, Dubin N. Blood levels
of organochlorine residues and risk of breast cancer. J Natl
Cancer Inst 85:648-652 (1993).

23. Fry DM, Toone CK. DDT-induced feminization of gull
embryos. Science 213:922-924 (1981).

24. Palmiter RD, Mulvhill ER Estrogenic activity of the insecticide
kepone on the chicken oviduct. Science 201:356-358 (1978).

25. Purdom CE, Hardiman PA, Bye VJ, Eno NC, Tyler CR,
Sumpter JP. Estrogenic effects of effluent from sewage treatment
works. Chem Ecol 8:275-285 (1994).

26. White R, Jobling S, Hoare SA, Sumpter JP, Parker MG.
Environmentally persistent alkylphenolic compounds are estro-
genic. Endocrinology 135:175-182 (1994).

27. Sumpter JP. IBC conference report, 1997.

8 Environmental Health Perspectives * Vol 106, Supplement 1 * February 1998



ENVIRONMENTAL SIGNALING

28. Klotz DM, McLachlan JA Arnold, SF. Identification of chemi-
cals with estrogenic activity using a combination of in vitro
assays. Environ Health Perspect 104:1084-1089 (1996).

29. Coldham NG, Dave M, Sivapathasundaram S, McDonnell
DP, Connor C, Sauer MJ. Evaluation of a recombinant yeast
cell estrogen screening assay. Environ Health Perspect
105:734-742 (1997).

30. Jennings ML, Percival HF, Woodward AR. Evaluation of alli-
gator hatchling and egg removal from three Florida lakes. Proc
Annu Conf Southeast Assoc Fish Wildl Agencies 42:283-294
(1988).

31. Guillette LJ Jr, Pickford DB, Crain DA, Rooney AA, Percival
HF. Reduction in penis size and plasma testosterone concentra-
tions in juvenile alligators living in a contaminated environ-
ment. Gen Comp Endocrinol 101:32-42 (1996).

32. Guillette LJ Jr, Gross TS, Masson GR, Matter JM, Percival
HF, Woodward AR. Developmental abnormalities of the
gonad and abnormal sex hormone concentrations in juvenile
alligators living in a contaminated environment. Gen Comp
Endocrinol 101:32-42 (1996).

33. Bergeron JM, Crews D, McLachlan JA. PCBs as environmental
estrogens: turtle sex determination as a biomarker of environ-
mental contamination. Environ Health Perspect 102:780-781
(1994).

34. Bettin C, Oehlmann J, Stroben E. TBT-induced imposex in
marine neogastropods is mediated by an increasing androgen
level. Helgol Meeresunters 50:299-317 (1996).

35. Ronis MJJ, Mason, AZ. The metabolism of testosterone by the
periwinkle (Littorina littorea) in vitro and in vivo: effects of
tribuytl tin [sic]. Mar Environ Res 42:161-166 (1996).

36. Oberdorster E, Rittschof D, McClellan-Green P. Testosterone
metabolism in imposex and normal Ilyanassa obsoleta. a com-
parison of field and TBT Cl-induced imposex. Mar Pollut Bull
(in press).

37. Evans SM, Leksono T, McKinnell PD. Tributyltin pollution: a
diminishing problem following legislation limiting the use of
TBT-based anti-fouling paints. Mar Pollut Bull 30:14-21
(1995).

38. Gibbs PE, Bryan GW. Reproductive failure in populations of
the dog-whelk, Nucella lapilus, caused by imposex induced by
tributyltin from antifouling paints. J Mar Biol Assoc U.K.
66:767-777 (1986).

39. Baldwin WS, Milam DL, LeBlanc GA. Physiological and bio-
chemical perturbations in Daphnia magna following exposure
to the model environmental estrogen diethylstilbestrol. Environ
Toxicol Chem 14:945-952 (1995).

40. Baldwin W, Graham S, Shea D, LeBlanc G. Metabolic andro-
genization of female Daphnia magna by the xenoestrogen
4-nonylphenol. Environ Toxico1 Chem 16:1905-1911
(1997).

41. Parks L, LeBlanc G. Reductions in steroid hormone biotrans-
formation/elimination as a biomarker of pentachlorophenol
chronic toxicity. Aquat Toxicol 34:291-303 (1996).

42. Oberdorster E, LeBlanc G, Rittschof D. Alteration of testos-
terone metabolism after chronic exposure of Daphnia magna to
tributyltin. Aquat Toxicol (in press).

43. Oberdorster E, Rittschof D, McClellan-Green P. Induction of
cytochrome P450 3A and heat shock protein by tributyltin in
blue crab, Callinectes sapidus. Aquat Toxicol (in press).

44. Lee RF, Noone T. Effect of Reproductive toxicants on
lipovitellin in female blue crabs, Callinectes sapidus. Mar
Environ Res 39:151-154 (1995).

45. Garreau B, Vallette G, Adlercreutz H, Wahala K, Makela T,
Benassaayag C, Nunez EA. Phytoestrogens: new ligands for rat
and human a-fetoprotein. Biochim Biophys Acta
1094:339-345 (1991).

46. Sheenan DM, Young M. Diethylstilbestrol and estradiol bind-
ing to serum albumin and pregnancy plasma of rat and human.
Endocrinology 104:1442-1446 (1979).

47. Swartz SK, Soloff MS, Suriano JR. Binding of estrogens by a-
fetoprotein in rat amniotic fluid. Biochim Biophys Acta
338:480-486 (1974).

48. McLachlan JA, Korach KS, Metzler M. Bioavailability as a
determinant in the transplacental toxicity of diethylstilbestrol.
In: Role of Pharmacology in Prenatal and Perinatal Toxicology
(Neubert D, Merker H-J, Nau H, Langman J eds7.
Stuttgart:Georg Thieme, 1978; 147-155.

49. vom Saal FS, Nagel SC, Palanza P, Boechler M, Parmigiana S,
Welshons WV. Estrogenic pesticides: binding relative to estra-
diol in MCF-7 cells and effects of exposure during fetal life on
subsequent territorial behaviour in male mice. Toxicol Lett
77:343-350 (1995).

50. Stack G, Gorski J. The ontogeny of estrogen responsiveness
reexamined: the differential effectiveness of diethylstilbestrol
and estradiol on uterine deoxyribonucleic acid synthesis in
neonatal rats. Endocrinology 112:2142-2146 (1983).

51. Arnold SF, Robinson MK, Notides AC, Guillette LJ Jr,
McLachlan JA. A yeast estrogen screen for examining the rela-
tive exposure of cells to natural and xenoestrogens. Environ
Health Perspect 104:544-548 (1996).

52. Arnold SF, Collins BM, Robinson MK, Guillette LJ Jr
McLachlan JA. Differential interaction of natural and synthetic
estrogens with extracellular binding proteins in a yeast estrogen
screen. Steroids 61:642-646 (1996).

53. Bain LJ, LeBlanc GA. Interaction of structurally diverse pesti-
cides with the human MDRI gene product P-glycoprotein.
Toxicol Appl Pharmacol 141:288-298 (1996).

54. Castro AF, Altenberg GA (1996). Inhibition of drug transport
by genistein in multi-drug-resistant cells expressing P-glycopro-
tein. Biochem Pharmacol 53:89-93.

55. Mahe Y, Lemoine Y, Kuchler K. The ATP binding cassette
transporters Pdr5 and Snq2 of Saccharomyces cerevisiae can
mediate transport of steroids in vivo. J Biol Chem
271:25167-25172 (1996).

56. Norman, AW, Litwack G. Hormones. New York:Academic
Press, 1987.

57. Klaassen C, Amdiur M, Doull J. Casarett and Doull's
Toxicology: The Basic Science of Poisons. New York:
McGraw-Hill, 1996.

58. Welch RM, Levin W, Conney AH. Estrogenic activity ofDDT
and its analogs. Toxicol Appl Pharmacol 14:358-366 (1969).

59. Bitman J, Cecil HC. Estrogenic activity of DDT analogs and
polychlorinated biphenyls. J Agr Food Chem 18:1108-1112
(1970).

60. Korach KS, Sarver P, Chae K, McLachlan JA, McKinney JD.
Estrogen receptor-binding activity of polychlorinated hydroxy
biphenyls: conformational restricted probes. Mol Pharmacol
33:120-126 (1988).

61. Tran DQ, Jin L, Guillette LJ Jr, McLachlan JA Arnold SF. The
estrogenic activity of selected polychlorinated biphenyls with
estrogen receptor expressed in Saccharomyces cerevisiae. Steroids,
(in press).

62. CoElins BM, McLachlan, JA Arnold, SF. The estrogenic and
antiestrogenic activites of various phytochemicals with the
human estrogen receptor expressed in yeast. Steroids
63:364-371 (1997).

63. Martin PM, Horwitz KB, Ryan DS, McGuire WL.
Phytoestrogen interaction with estrogen receptors in human
breast cancer cells. Endocrinology 103:1860-1867 (1978).

64. Miksicek RJ Commonly occurring plant flavanoids have estro-
genic activity. Mol Pharmacol 44:37-43 (1993).

65. Zava DT, Duwe G. Estrogenic and antiproliferative properties
of genistein and other flavonoids in human breast cancer cells
in vitro. Nutr Cancer 27:31-40 (1997).

66. Routledge EJ, Sumpter JP. Structural features of alkylphenolic
chemicals associated with estrogenic activity. J Biol Chem
272:3280-3288 (1997).

67. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson
JA. Cloning of a novel receptor expressed in rat prostate and
ovary. Proc Natl Acad Sci USA 93:5925-5930 (1996).

68. Paech K, Webb P, Kuiper GGJM, Nilsson S, Gustafsson J-A,
Kushner PJ, Scanlan TS. Differential ligand activation of estrogen
receptors Era and Eri at API sites. Science 277:1508-1510
(1997).

Environmental Health Perspectives * Vol 106, Supplement 1 * February 1998 9



CHEEK ET AL.

69. Kuiper GG, Carisson B, Grandien K, Enmark E, Haggblad J,
Nilsson S, Gustafsson JA. Comparison of the ligandcbinding
specificity and transcript tissue istribution of estrogen recep-
tors alpha and beta. Endocrinology 138:863-870 (1997).

70. Kelce WR, Stone CR, Laws SC, Gray LE, Kemppainen JA,
Wilson EM. Persistent DDT metabolite pp'-DDE is a potent
androgen receptor antagonist. Nature 735:581-585 (1995).

71. Chang CS, Liao SS Topographic recognition of cyclic hydrocar-
bons and related compounds by receptors for androgens, estro-
gens, and glucocorticoids. J Steroid Biochem 27:123-31 (1987).

72. Cook JC; Mullin LS; Frame SR; Biegel LB Investigation of a
mechanism for Leydig cell tumorigenesis by linuron in rats.
Toxicol Appl Pharmacol 119(2):195-204 (1993)

73. Gray LE, Ostby JS, Kelce WR. Developmental effects of an
environmental antiandrogen: the fungicide vinclozolin alters
sex differentiation of the male rat. Toxicol Appl Pharmacol
129:46-52 (1994).

74. Klotz DM, Ladlie BL, Vonier PM, McLachlan JA Arnold SF.
Inhibition of 17J-estradiol and progesterone activity in human
breast and endometrial cancer cells by carbamate insectides.
Life Sci 60:1467-1475 (1997).

75. Vonier PM, Crain AD, Guillette LJ Jr, McLachlan JA Arnold,
SF. Interaction chemicals with the estrogen and progesterone
receptors from the American alligator. Environ Health Perspect
104:1318-1322 (1996).

76. Klotz DM, Arnold SF, McLachlan JA. Identification and char-
acterization of o,p'-DDT and its metabolites as inhibitors of
progesterone activity in yeast and mammalian cells. Mol Cell
Endocrinol 129:63-71 (1997).

77. Harmon MA, Boehm MF, Heyman RA, Mangelsdorf DJ.
Activation of mammalian retinoid X receptors by the insect
growth regulator methoprene. Proc Natl Acad Sci USA
92:6157-6160 (1995).

78. Repetto R, Baliga SS. Pesticides and the immune system: the
public health risks. Executive summary. Cent Eur J Public
Health 4:263-265 (1996).

79. Goldey ES, Kehn LS, Lau C, Rehnberg GL, Crofton KM.
Developmental exposure to polychlorinated biphenyls (Aroclor
1254) reduces circulating thyroid hormone concentrations and
causes hearing deficits in rats. Toxicol Appl Pharmacol
135:77-88 (1995).

80. Schantz SL, Byung-Woun S, Moshtaghian J, Amin S.
Developmental exposure to polychlorinated biphenyls or

dioxin: do changes in thyroid function mediate effects on spa-
tial learning? Am Zool 37:399-408 (1997).

81. Chen JY-C, Guo Y-L, Hsu C-C, Rogan WJ. Cognitive devel-
opment of Yu-Cheng ('oil disease') children prenatally exposed
to heat degraded PCBs. JAMA 268:3213-3218 (1992).

82. Jacobson JL, Jacobon SW, Humphrey HE. Effects of in utero
exposure to polychlorinated biphenyls and related contami-
nants on cognitive functioning in young children. J Pediatr
116:38-45 (1990).

83. Jacobson JL, Jacobson SW. Intellectual impairment in children
exposed to polychlorinated biphenyls in utero. N EngI J Med
335:783-789 (1996).

84. Koopman-Esseboom C, Morse DC, Weisglas-Kuperus N,
Lutkeschipholt IJ, Van Der Paauw CG, Tuinstra LGMT,
Brouwer A, Sauer PJJ. Effects of dioxins and polychlorinated
biphenyls on thyroid hormone status of pregnant women and
their infants. Pediatr Res 36:468-473 (1994).

85. Juberg DR, Stuenkel EL, Loch-Caruso R. The chlorinated
insecticide 1,1-dichloro-2,2-bis(4-chlorophenyl)ethane (pp'-
DDD) increases intracellular calcium in rat myometrial smooth
muscle cells. Toxicol Appl Pharmacol 135:147-155 (1995).

86. Kodavanti PRS, Ward TR, McKinney JD, Waller CL, Tilson
HA. Increased [3H]phorbol ester binding in rat cerebellar gran-
ule cells and inhibition of 45Ca2+ sequestration in rat cerebel-
lum by polychlorinated diphenyl ether cogners and analogs:
structure-activity relationships. Toxicol Appl Pharmacol
138:251-261 (1996).

87. Rokos CL, Ledwith BJ. Peroxisome proliferators activate extra-
cellular signal-regulated kinases in immortalized mouse liver
cells. J Biol Chem 272:13452-13457 (1997).

88. Shen K, Novak RF. DDT stimulates c-erb2, c-met, and STAT
tyrosine phosphorylation, Grb2-Sos association, MAPK phos-
phorylation, and proliferation of human breast epithelial cells.
Biochem Biophys Res Commun 231:17-21 (1997).

89. Steinmetz R, Young PC, Caperell-Grant A, Gize EA,
Madhukar BV, Ben-Jonathan N, Bigsby RM. Novel estrogenic
action of the pesticide residue Pf-hexachlorocyclohexane in
human breast cancer cells. Cancer Res. 56:5403-5409 (1996).

90. Ignar-Trowbridge DM, Nelson KG, Bidwell MC, Curtis SW,
Washburn TF, McLachlan JA, Korach KS. Coupling of dual
signaling pathways: epidermal growth factor action involves the
estrogen receptor. Proc Natl Acad Sci USA 89:4658-4662
(1992).

10 Environmental Health Perspectives * Vol 106, Supplement 1 * February 1998


